DNA polymerase b (pol b) lyase removal of 5′-deoxyribose phosphate (5′-dRP) from base excision repair (BER) intermediates is critical in mammalian BER involving the abasic site. We found that pol b also removes 5′-adenylated dRP from BER intermediates after abortive ligation. The crystal structure of a human pol b-DNA complex showed the 5′-AMPdRP group positioned in the lyase active site. Pol b expression rescued methyl methanesulfonate sensitivity in aprataxin (hnt3)-and FEN1 (rad27)-deficient yeast.
In order to address BER enzyme transactions in the case of abortive ligation on the 5′-dRP-containing intermediate, we investigated the structural and kinetic features of pol β in complementing aprataxin (APTX) activity during abasic-site BER. Pol β is a bifunctional enzyme with lyase and nucleotidyl transferase activities 1 . In single-nucleotide BER involving the natural unmodified abasic site or 5′-dRP group, excision of the dRP group is catalyzed by the pol β lyase activity 2 . If the 5′-dRP is not removed before the ligation step, the DNA ligase reaction is hindered. This may result in abortive ligation with 5′ adenylation of the BER intermediate (i.e., formation of the 5′-AMP-dRP group at a nicked or gapped 5′ terminus). Lysine alterations (i.e., K35A K68A K72A; termed 3K∆) in the lyase active site eliminate the pol β dRP lyase activity 3 . A previous crystal structure of a pol β-DNA complex indicates that the 5′-sugar-phosphate group is bound in the dRP lyase active site 4 . During BER, if a 5′-sugar-phosphate group is refractory to the pol β lyase activity, the modified sugar phosphate is subjected to repair by FEN1 in the long-patch (LP) BER subpathway 5 . Saccharomyces cerevisiae, as a model organism, has a similar upstream BER pathway for repair of methylated bases to that in mammalian cells. The pathway includes Hnt3 and Rad27 proteins, which are APTX and FEN1 homologs, respectively 6 .
We set out to confirm that abortive ligation by both human DNA ligase I and DNA ligase III-XRCC1 complex yielded this 5′-adenylated BER intermediate. Yet these enzymes had somewhat different ligation efficiencies depending on Mg 2+ and ATP concentrations (Supplementary Fig. 1 ). In this study, we showed that the pol β dRP lyase activity can remove the 5′-AMP-dRP group from substrates that mimic BER intermediates after abortive ligation. The results revealed that pol β removed the 5′-adenylated dRP from both the gapped (Fig. 1a) and nicked (Fig. 1b) DNA substrates (Supplementary Table 1 ). Yet the reaction in both cases was weaker than that for removal of the unmodified 5′-dRP group, and the migration positions of the products after 5′-dRP and 5′-AMP-dRP removal were similar (Fig. 1a,b) . We showed that the 3K∆ mutant failed to remove the 5′-adenylated dRP group from both the gapped and nicked DNA substrates ( Supplementary Fig. 2b,c) . These results confirmed that the dRP lyase activity of pol β was responsible for the 5′-AMP-dRP removal.
In light of the results described here illustrating 5′-AMP-dRP removal by pol β, we obtained a crystal structure of human pol β in complex with nicked DNA that represents the 5′-adenylated dRP-containing BER intermediate (Supplementary Table 2 ). We used the 5′-adenylated sugar analog tetrahydrofuran (THF). The structure revealed that the 5′-AMP-THF group is positioned in the lyase active site (Fig. 2a) . Comparison of the positions of the sugar ring and phosphate with the corresponding groups in the previously determined structure 4 containing a 5′-dRP group revealed that THF groups were in similar positions, and the structures were very similar (r.m.s. deviation = 0.7 Å). The location of the 5′-AMP-dRP group in the active site was consistent with the observation of lyase removal of the group (Fig. 1a,b) . The data also revealed that the THF and phosphate groups (P) were well resolved in the crystal structure, but the base and sugar of the adenosine (rA) may have multiple conformations (Fig. 2b) . The rate of removal for the 5′-dRP group was higher than that for removal of the 5′-AMP-dRP group, as On the basis of this new structure, one explanation for the lower activity could be the additional contact made by the 5′-AMP-dRP group with Lys68 (Fig. 2b) . The ε-amino group of Lys68 makes contact with the 5′-phosphate of the dRP group, whereas this ε-amino group makes this contact plus an additional (2.6-Å) contact with the phosphate of the AMP moiety of the 5′-AMP-dRP group in the new structure. It is possible that this additional contact could immobilize the AMP-dRP group and thus prevent or impede a substrate conformational change required for its removal. Therefore, to test this idea, we examined the lyase activity of the K68A mutant. As compared to 5′-AMP-dRP removal by wild-type pol β, the alanine substitution for Lys68 had no significant effect on the removal of 5′-AMP-dRP ( Supplementary Fig. 2d,e) . Thus, these results suggested that the lower activity may be related to an effect of the bulky AMP moiety on the conformational adjustment required for chemistry.
In order to further understand the fate of abortive-ligation products involving the abasic-site BER intermediates, we investigated 5′-AMP removal by APTX from different substrates (Supplementary Table 1 ). APTX removed the 5′-AMP moiety, whereas pol β removed the entire 5′-AMP-dRP group from both the gapped and nicked 5′-adenylated dRP-containing substrates (Supplementary Fig. 3a) . APTX removed the 5′-adenylate from the abortive-ligation product containing 5′-AMP only, whereas pol β was not able to remove this group, as expected ( Supplementary Fig. 3b ). In contrast, APTX removed the 5′-adenylate from both the gapped and nicked 5′-adenylated THF-containing substrates, whereas pol β had no activity on these substrates (Supplementary Fig. 3c ). The differences in results with the substrates containing the abasic-site analog THF and the natural dRP group were consistent with the chemistry of the pol β dRP lyase activity 7 : the C1′ carbon in the THF analog does not have the aldehydic character required for the formation of the Schiff-base intermediate in the lyase reaction. THF, therefore, does not support lyase chemistry but is considered a structural analog 4 . This is probably the explanation for the differences between our results and previously reported findings regarding the pol β dRP lyase activity 8 .
We also investigated whether FEN1 could remove the 5′-adenylated dRP group in a BER intermediate and, if so, whether LP BER could be an alternative BER subpathway for removal of the blocking 5′-adenylate group. For this purpose, we measured excision activity of FEN1 on different DNA substrates (Supplementary Table 1 ). The results revealed that FEN1 removed the 5′-AMP-dRP group plus mainly one nucleotide from the gapped 5′-adenylated dRP-containing substrate; a small amount of two-nucleotide excision product was also produced (Supplementary Fig. 4b ). With the nicked 5′-AMP-dRP-containing substrate, the 5′-AMP-dRP group and predominantly two nucleotides were removed; small amounts of three-nucleotide excision products also were produced ( Supplementary Fig. 4a ). In reference reactions, pol β removed the 5′-adenylated dRP group only ( Supplementary  Fig. 4a,b) . FEN1 was effective on the DNA substrate containing 5′-AMP, and it removed 5′-AMP plus predominantly a single nucleotide, whereas pol β was not active on this substrate (Supplementary Fig. 4c ).
In order to further understand the kinetic features of the enzymes involved in processing the 5′-adenylated BER intermediates, we obtained quantitative measurements for the removal of 5′-AMPdRP by pol β, flap excision of 5′-AMP-dRP by FEN1 and 5′-AMP removal by APTX on the gapped 5′-adenylated dRP-containing substrate (Supplementary Table 1 ). Upon comparison of the kinetic features of pol β and FEN1, we found that these enzymes exhibited similar rates for processing the blocked 5′-adenylates, i.e., 0.05 s −1 versus 0.03 s −1 , respectively. The rate of APTX 5′-AMP hydrolysis from adenylated BER intermediates was slightly faster than the rate of pol β 5′-AMP-dRP lyase removal, i.e., 0.2 s −1 versus 0.05 s −1 , respectively (Supplementary Fig. 4d ). These measurements supported a model illustrating the fate of the 5′-adenylated BER intermediate as a function of the enzymatic activities of pol β, FEN1 and APTX (Supplementary Fig. 4e) .
We also were interested in examining the fate of the blocked 5′-adenylates in the yeast S. cerevisiae (Supplementary Table 3) . We first investigated FEN1, pol β and APTX activities in yeast cell extracts. In control reference reactions, we obtained the expected reaction products by using purified enzymes (Supplementary Fig. 5a ). With cell extract from the wild-type yeast strain, we observed excision by FEN1 demonstrating removal of the 5′-adenylated dRP group plus mainly one nucleotide, in addition to removal of 5′-AMP by APTX (Supplementary Fig. 5b ). With cell extract from the hnt3∆ strain, which contained the single hnt3 gene deletion, we observed similar FEN1 products as those in wild-type cells, along with a small amount of a two-nucleotide excision product (Supplementary Fig. 5c ). For the rad27∆ strain, with the single rad27 gene deletion, we observed only 5′-AMP removal by APTX (Supplementary Fig. 5d ). We did not observe these FEN1 and APTX reaction products with the double-mutant extract (rad27∆ hnt3∆) (Supplementary Fig. 5e ). For cell extracts prepared from yeast strains expressing human POLB ( Supplementary  Fig. 5f,g ), we observed both 5′-AMP-dRP removal by pol β and 5′-AMP removal by APTX. The result was similar with cell extract from the strain with the single rad27 gene deletion (rad27∆øPOLB) Supplementary Fig. 5f ). In contrast, we observed only 5′-adenylated dRP removal by pol β in the cell extract from the rad27∆ hnt3∆øPOLB strain, which contained the rad27 and hnt3 gene-deletion background (Supplementary Fig. 5g) . These results demonstrated that FEN1 and pol β could complement the lack of APTX activity for the processing of 5′-adenylated BER intermediate in cell extracts.
To examine whether deficiency in APTX in living cells could be complemented by pol β and FEN1, we tested the sensitivity of S. cerevisiae strains to methyl methanesulfonate (MMS) by using the spot-dilution assay. We did not observe any hypersensitivity in the hnt3∆ single mutant, as revealed by wild-type levels of growth on yeast peptone dextrose adenine (YPDA) plates with or without MMS (Fig. 3a) . The lack of hypersensitivity in hnt3∆ yeast cells 6 and APTX-deficient human cells 9 has been reported previously. In contrast, we observed strong MMS hypersensitivity in the strain defective in FEN1 (hnt3∆ rad27∆) compared to the hnt3∆ cells. Finally, the results showed that pol β could rescue MMS sensitivity of hnt3∆ rad27∆ cells on YPDA plates containing 0.5, 0.8 or 1.0 mM MMS (Fig. 3a) .
To confirm the enzymatic function of pol β responsible for this rescue effect, we constructed the lyase-deficient strain (hnt3∆ rad27∆øPOLB-3K∆). Although all strains grew on control plates, the pol β dRP lyase-deficient strain failed to grow on YPDA containing MMS (Fig. 3b) . This result demonstrated that lyase activity was required for the pol β-dependent resistance to MMS in the absence of hnt3 and rad27. Because we used MMS as genotoxic agent that is known to lead to abasic sites, it is likely that the Rad27 (FEN1) protective effect was via removal of 5′-dRP-containing BER intermediates. The effect of Hnt3 (APTX) deletion was mild but detectable in the system, in agreement with published results 6 and with the idea that abortive ligation was at play at least to some extent. Therefore, our results were consistent with a straightforward interpretation that Rad27 (FEN1) was robust in removing 5′-dRP-containing repair intermediates including the abortiveligation products; also, in the absence of Rad27 (FEN1) pol β was capable of complementation.
Overall, our in vivo and in vitro findings supported a model in which the fate of the 5′-adenylated BER intermediate was determined by three enzymatic processes (Supplementary Fig. 4e ). In this model, APTX hydrolyzes the 5′-AMP group and allows for renewed attempts at processing of the repair intermediate, and the 5′-dRP may be channeled into the normal BER pathway for pol β dRP removal and gap filling. In LP BER, the blocking BER intermediates can be processed via flap excision by FEN1. In an alternative mechanism, pol β could play a part by direct removal of the entire 5′-AMP-dRP blocking group via its dRP lyase activity. The latter two cases could affect the fate of the blocking 5′-adenylated BER intermediates in a cell that is deficient in APTX, e.g., as occurs in the neurodegenerative disorder ataxia oculomotor apraxia type 1 (AOA1). It is interesting that studies are consistent with the presence of APTX-deficiency backup systems, such that the APTX deficiency alone fails to confer hypersensitivity to BER-inducing agents [10] [11] [12] .
METhoDs
Methods and any associated references are available in the online version of the paper. 
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Materials. Synthetic oligodeoxyribonucleotides with 3′-6-carboxyfluorescein (FAM) label were from Midland Certified Reagent Company. Recombinant human wild-type pol β and the pol β mutants 3K∆ and K68A were overexpressed and purified as described 3, 4 . Human FEN1 and UDG with 84 amino acids deleted from the N terminus were purified as described 7, 13 . Human DNA ligase I was purified as described 14 . Recombinant human APTX was from Fitzgerald. The 5′-DNA adenylation kit and MMS were from New England BioLabs and Sigma-Aldrich, respectively.
Preparation of DNA substrates. The nicked and gapped DNA substrates were prepared with and without AMP at the 5′ end of 3′-FAM-labeled oligonucleotides. In order to generate DNA substrates containing 5′-AMP-dRP, 17-or 18-mer oligonucleotides with a normal U base or a THF were adenylated with the 5′-DNA adenylation kit. Similarly, the 18-mer oligonucleotide containing 5′-phosphate was adenylated to generate a DNA substrate with 5′-AMP. The adenylation reaction was performed in a reaction mixture (20 µl) containing 100 pmol oligonucleotide, 50 mM sodium acetate, pH 6.0, 10 mM MgCl 2 , 5 mM DTT, 0.1 mM EDTA and 0.1 mM ATP. The reaction was initiated by addition of 100 pmol Mth RNA ligase, and the incubation was at 65 °C for 1 h. After heat inactivation of the enzyme at 85 °C for 5 min, the adenylated oligonucleotides were separated from other DNA species by electrophoresis on an 18% polyacrylamide gel containing 8 M urea in 89 mM Tris-HCl, 89 mM boric acid, and 2 mM EDTA, pH 8.8, as described 15 . All of the DNA substrates used in this study and the sequence information of the oligonucleotides are represented in Supplementary  Tables 1 and 4 , respectively.
UDG treatment of DNA substrates. The U-containing double-stranded DNA substrates (substrates 1-4, Supplementary Table 1) were pretreated with UDG as follows: DNA substrate (200 nM) was incubated with UDG (20 nM) at 37 °C for 30 min in a reaction mixture (50 µl) containing 50 mM HEPES, pH 7.4, 20 mM KCl, 0.5 mM EDTA and 2 mM DTT to generate an AP site. Owing to the labile nature of UDG-treated DNA, the DNA substrates were treated just before the subsequent incubations were conducted.
Ligation incubation. The ligation-reaction incubation was performed with UDG-pretreated double-stranded DNA (substrate 1, Supplementary Table 1) that had not been adenylated before. The reaction mixture (10 µl) contained DNA substrate (140 nM) and DNA ligase I or DNA ligase III-XRCC1 complex (500 nM), 50 mM NaMOPS, pH 7.5, 1 mM DTT, 0.05 mg/ml BSA and 100 mM NaCl. The ligase reaction mixture also contained different ATP and Mg 2+ concentrations (as indicated in Supplementary Fig. 1 ). The incubation was at 37 °C for 1 min. The reaction products were then stabilized by addition of freshly prepared 1 M NaBH 4 to a final concentration of 100 mM, and incubation was continued for 30 min on ice. The reaction products were then mixed with 10 µl of gel-loading buffer (95% formamide, 20 mM EDTA, 0.02% bromophenol blue, and 0.02% xylene cyanol). After incubation at 95 °C for 3 min, the reaction products were separated by electrophoresis on a 15% polyacrylamide gel containing 8 M urea in 89 mM Tris-HCl, 89 mM boric acid and 2 mM EDTA, pH 8.8. The gels were scanned on a Typhoon PhosphorImager, and the data were analyzed with ImageQuant software.
The dRP lyase activity assay. The dRP lyase assay was performed as described previously 7 with DNA substrates 1-4 (Supplementary Table 1) . Briefly, dRP lyase activity was determined in a reaction mixture (10 µl) containing 50 mM HEPES, pH 7.5, 20 mM KCl, 0.5 mM EDTA, 2 mM DTT and 140 nM DNA substrate. The reaction was initiated by addition of pol β (1, 10, 20, 50, 100, 200 or 500 nM) for DNA substrates 2 and 4, containing 5′-AMP-dRP. For DNA substrates 1 and 3, containing 5′-dRP, 10 nM pol β was used. The incubation was at 37 °C for 15 min. The reaction products were stabilized by addition of 100 mM NaBH 4 , incubated on ice for 30 min and then separated on a 15% polyacrylamide gel as described above. The dRP lyase assay was performed under similar reaction conditions with the wild-type and mutant (3K∆ and K68A) pol β.
DNA deadenylation assay. The 5′-AMP removal from DNA substrates (Supplementary Table 1 ) with 5′-AMP-dRP (substrates 2 and 4), 5′-AMP (substrate 5) or 5′-AMP-THF (substrates 6 and 7) by APTX was determined in the reaction mixture (10 µl), which contained 50 mM HEPES, pH 7.5, 20 mM KCl, 0.5 mM EDTA, 2 mM DTT and 140 nM DNA substrate. For DNA substrates 2, 4, 6 and 7, the reaction was initiated by addition of 100 nM APTX, and the reaction mixture was incubated at 37 °C for 15 min. For the removal of 5′-AMP from APTX substrate (substrate 5), 10 nM APTX was used. The reaction products were separated on a 15% polyacrylamide gel, the gel was scanned and the data were analyzed as above.
FEN1 excision activity assay. FEN1 activity assays were performed with DNA substrates (Supplementary Table 1 ) containing 5′-AMP-dRP (substrates 2 and 4) or 5′-AMP (substrate 5). FEN1 excision activity was determined in the reaction mixture (10 µl), which contained 50 mM HEPES, pH 7.5, 50 mM KCl, 10 mM MgCl 2 , 0.5 mM EDTA and 140 nM DNA substrate. The reaction was initiated by addition of FEN1 (1, 20, 50, 100, 200 or 500 nM). In some cases, pol β (500 nM) was used instead of FEN1 as a reference. The incubation was at 37 °C for 15 min. The reaction products were separated on a 15% polyacrylamide gel, the gel was scanned and the data were analyzed as above.
Kinetic measurements. In order to determine the catalytic rate of pol β, FEN1 and APTX for the processing of the 5′-adenylated BER intermediates, the kinetic analyses for the dRP lyase, FEN1 excision and DNA deadenylation reactions were performed manually under single-turnover conditions with the gapped DNA substrate with 5′-AMP-dRP (substrate 2, Supplementary Table 1 ). The reactions were initiated by addition of pol β, FEN1 or APTX (500 nM) to a reaction mixture containing UDG-pretreated DNA substrate (140 nM), 50 mM HEPES, pH 7.5, 20 mM KCl, 0.5 mM EDTA and 2 mM DTT. The incubation was at 37 °C. Aliquots (9 µl) were withdrawn at the indicated time intervals and transferred into tubes that contained 1 µl of freshly prepared 100 mM NaBH 4 , and the mixtures were incubated for 30 min on ice. An equal volume of gel-loading buffer was then added, and the mixture was incubated at 95 °C for 3 min. The reaction products were then separated, gels were scanned and the data were analyzed as above. The data were fitted to a single exponential equation to determine the first-order rate constant (k obs ) as described 16 . All of the kinetic measurements were repeated in triplicate, and the values represent the means of three experimental values. Table 3) were isogenic derivatives of strains ALE1000 and ALE1001 (MATα-HML/Rδ leu2-3112 ade5-1 his 7-2 ura3δ trip1-289 BAR+ [(chr II) lys2øAlu-DIR-LEU2-lys2δ5′]). We constructed Hnt3 (APTX homolog in S. cerevisiae) deletion background in the yeast strains VP101 (rad27øCORE), VP102 (rad27øPOLB) and MH102 (rad27øPOLB-3K∆) that were previously reported 17 . The hnt3økanMX strains (hnt3∆) were generated by deletion replacement of Hnt3 via transformation with the PCR product containing the kanMX cassette flanked by 58-60 nucleotides of homology upstream and downstream of the hnt3 ORF. The PCR product was amplified from pFA6a-kanMX with the forward and reverse primers (Supplementary Table 4 ). The replacement of Hnt3 with kanMX in the transformant was verified by PCR analysis and sequencing.
Yeast-strain construction. S. cerevisiae strains (Supplementary

Preparation of yeast cell extracts.
The cell extracts from the yeast strains were prepared as described prevously 18 .
Enzymatic activity assays in yeast cell extracts. The dRP lyase, FEN1 excision and DNA deadenylation activities were investigated in yeast cell extracts as described above. The gapped DNA substrate that contained 5′-AMP-dRP (substrate 2, Supplementary Table 1) was used without pretreatment with UDG. The reactions were initiated by the addition of 50 µg yeast extract and incubated at 30 °C for 5, 15 or 30 min.
MMS-sensitivity spot-dilution assay. In order to detect DNA-damage sensitivity in S. cerevisiae strains, the spot-dilution assay was performed as described previously 17 . Ten-fold serial dilutions were spotted onto YPDA agar plates containing either 0, 0.5, 0.8 or 1.0 mM MMS. Plates were incubated at 30 °C and photographed 2 or 3 d after plating. All spot-dilution assays were repeated in triplicate and performed at least twice on separate days.
Crystallization of pol β-DNA substrate complex. Crystallography, data collection and structure determination for the binary-complex crystals of npg
